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Mobility Transistors by Means of Low Frequency 1/f Noise measurements 
 
Marco Silvestri
1,a)
, Michael J. Uren
1
, Nicole Killat
1
, Denis Marcon
2
, and 
Martin Kuball
1 
1
 Center for Device Thermography and Reliability (CDTR), H.H. Wills Physics 
Department, University of Bristol, BS8 1TL, Bristol, UK 
2
 IMEC, Kapeldreef 75, Leuven, Belgium 
 
The location of the time dependent degradation in OFF-state stressed AlGaN/GaN 
high electron mobility transistors is studied using low frequency 1/f noise 
measurements, with additional electroluminescence analysis. The gate bias 
dependence of the 1/f noise is shown to be a powerful tool to illustrate that in addition 
to the gate edge breakdown, progressive time-dependent trap generation occurs 
underneath the gate area, possibly extending in the gate-drain access region due to the 
electric field peak associated with the gate field plate. 
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AlGaN/GaN high electron mobility transistors (HEMTs) are considered to be of high 
potential for high power, high voltage applications. The ever-increasing power demand in 
radio frequency, industrial, and automotive fields is key for these devices that exhibit both 
high mobility and breakdown voltage.
1
 Charge trapping, material defects, current collapse, 
and gate degradation are among the main challenges and sources of failure in GaN-based 
HEMTs.
3
 Above all, the gate breakdown is still a limiting factor for achieving long-term 
reliability at high operative voltages. In this framework, the introduction of field plates and 
engineered gate shapes significantly mitigated current collapse and reduced gate breakdown 
occurence.
4
 However, electroluminescence (EL) studies still show the appearance of 
degradation-related hot spots, under harsher stress conditions, at the drain side of the gate 
edge following OFF-state stress-tests.
5-7
  
Low frequency 1/f noise was proven to be a useful tool for reliability studies of 
AlGaN/GaN HEMTs.
8
 Early work revealed higher noise in GaN HEMTs than AlGaAs/GaAs 
devices due to the larger density of native defects.
9
 The relatively high gate leakage current 
exhibited by Schottky-gate GaN HEMTs is also one of the main limiting factor which can 
contribute to the channel noise.
10
 However, recent material advances and the reduction of 
surface and barrier defects have improved the noise performance of AlGaN/GaN HEMTs.
11
 
Electronic generation-recombination trap states close to the Fermi level can be effectively 
measured based on low frequency noise and used to extract trap characteristics, such as 
activation energy, capture cross section, and trap density, as well as monitor device 
degradation during reliability tests.
12,13
 The gate voltage dependence of the normalized noise 
spectral density was reported by other authors to be applicable to GaAs and GaN devices, 
demonstrating the ability to isolate the effect of noise in different areas of the device channel. 
To date, this approach has not been used to benefit the understanding of device damage 
during reliability tests.  
 3 
 In this letter, the gate voltage and drain current dependences of the 1/f low frequency 
noise and EL signal are shown to be of great benefit to monitor and localize the damage in 
different parts of the GaN HEMT channel during OFF-state stress tests.  
AlGaN/GaN HEMTs grown by metal organic vapor phase epitaxy on silicon carbide 
substrates were studied. The silicon nitride passivated devices had a 4 µm source-drain gap, a 
metal T-gate of 0.5-μm length, a channel width of 100 μm, and a 22-nm AlGaN layer 
thickness. Devices were stressed at room temperature in OFF-state condition at Vgs = -6V and 
Vds= 35V for 30 hours, with inter-mediate noise and EL characterization. For the noise 
measurements, the devices were operated in the ohmic regime with Vds = 50 mV and the 
source current measured with a wideband, low-noise current to voltage (I-V) converter. 
Electrical characterization was performed with an Agilent 4156A parameter analyzer. EL 
imaging in the visible spectral range was performed using an Opticstar charge-coupled device 
camera. The EL signal was recorded from the back side of the wafer via a retro-reflector 
system in order to probe the whole device area underneath the gate with micron resolution.  
Figure 1(a) shows the Id-Vgs characteristic before and after 30 hours of OFF stress in the 
linear regime Vds= 50 mV, with the inset illustrating the degradation of the reverse gate 
current and figure 1(b) the evolution of the gate leakage at fixed stress bias. Initial 
degradation (soft-breakdown - SBD) is apparent as a first jump in the leakage current (figure 
1(b)) followed by a wear-out phase that correlates with the increase, up to three orders of 
magnitude, of the reverse gate current as shown in the inset of figure 1(a). In agreement with 
other authors
5,7,14
, the degradation is apparent in the emergence of a large gate leakage 
current while other device parameters, such as threshold voltage VT, drain current Id, and on-
resistance Ron, were affected by OFF stress by less than 10%.  
The low frequency spectral noise current density SI is shown in figure 2 for VG=Vgs-VT = 
0.1V, indicating a progressive increase by up to two orders of magnitude with stress time. 
 4 
The 1/f spectra represent the noise contribution from the channel and potentially from any 
leakage path through the AlGaN barrier. Gate leakage current fluctuations can in fact 
contribute to the measured noise.
10
 However, since we measure the noise in the source 
current, and in the bias conditions used here most of the gate leakage current flows to the 
drain, any gate noise contribution is minimized. Any residual contribution is likely to be 
small, since according to Ref. 10 gate-leakage related noise in devices that exhibit Hooge 
parameters above 10
-4
 does not dominate the measured channel noise. In the devices reported 
here Hooge parameters
15
 before stress in open channel and weak inversion were in the 10
-3
 
and 10
-2
 range, respectively. Hence, in the following analysis it is assumed that only the 
channel noise contributed to the measurements. We note that although high values of Hooge 
parameters usually indicate a poor-contact technology in which the noise is basically 
controlled by the source and drain terminals,
13,15
 this is not the case here, as shown later. 
In order to locate the source of the noise in the channel area before and after stress, i.e. 
how the stress-induced damage is actually created, the gate voltage dependence of the 
normalized current spectral noise density SI/I
2
 was studied. The HEMT channel resistance 
can be considered as the sum of two independent parts RCH=RG+RU, where RG and RU are the 
resistances of the gated and ungated channel, respectively. Three regions were observed when 
SI/I
2
 was plotted versus VG=Vgs-VT for a given frequency (10 Hz in this work), where VT is the 
threshold voltage extracted from the linear Id-Vgs curve. When SI/I
2
 is proportional to VG
−1
, 
noise from the gate region (SI,G) dominates and RG » RU. In the transition region, where SI/I
2
 
 VG
-3
, the gated part of the channel contributes to the noise, but the drain-source resistance 
is already dominated by RU, i.e., RG < RU. When noise is independent of VG, only the ungated 
device channel noise (SI,U) contributes and RG « RU.
15,16 
This illustrates the potential of this 
method for distinguishing the evolution of the damage and to monitor the creation of the 
defects in the device channel during stress.  
 5 
Figure 3 depicts the change of the normalized current spectral density noise SI/I
2
 versus 
the effective gate voltage VG before and during OFF-state stress. Immediately after the onset 
of the SBD, no increase in channel noise, neither in the gated nor ungated part, was apparent, 
even after several EL spots emerged, as demonstrated in figure 3(a) and its inset, 
respectively. It is worth noting that EL spots were recorded neither in fresh devices nor in the 
gate-drain access regions. SBD-related hot spots located at the gate edge and the relative gate 
leakage current increase (figure 1) therefore appears to be independent of the channel noise.  
At longer times after the SBD event, i.e., during the subsequent device stress in the wear-out 
phase, SI/I
2
 increased only in the VG
-1
 and VG
-3 
regions as shown in figure 3(b) after 2 hours of 
stress. Hence, the increase of the stress-related defect density underneath the metal gate, 
possibly where the electric field peaks, led to the noise increase only in the SI,G region. 
However, subsequently, after 30 hours, SI/I
2
 increased also in the VG
0 
part of the characteristic 
reported in figure 3(b), i.e., the ungated portions of the channel. Not only was there an 
associated increased number of EL spots at the gate edge, but the changes in noise spectrum 
were characterized by defects possibly generated over an extended portion of the channel, in 
the gate-drain access region, perhaps associated with the additional electric field peaks at the 
T-gate corner field-plate edge.
17 
 
In order to model the measured channel noise, the normalized current spectral density 
SI/I
2
 taken at 10 Hz was plotted in figure 4 versus the drain current as a function of the stress. 
Good correlation with the SVFB(gm/Id)
2
 characteristics was found, where SVFB as input-referred 
spectral noise density was adjusted here to achieve a good fit to the data, and gm/Id extracted 
from the measured characteristics during stress. This indicates that the channel noise can be 
modeled by the carrier number fluctuation model based on trapping and de-trapping of charge 
in defects close to the channel interface.
18
 Assuming the defects were located in the AlGaN 
 6 
barrier, from the input-referred spectral noise density SVFB extracted from the fitting of figure 
3, it was possible to determine the density of near-interface traps Not with the following
19
: 
2
2
b
ot
VFB
WLfC
NkTq
S

  ,                                                                                                         (1) 
where λ= 0.5 nm is a tunneling parameter, here corrected for the AlGaN/GaN conduction 
band alignment, W and L are the gate width and length, respectively, and Cb is the AlGaN 
barrier capacitance. From equation (1), Not resulted, before stress, after 2 hours, and after 30 
hours of OFF stress about 2x10
16
 eV
-1
cm
-3
, 1x10
18
 eV
-1
cm
-3
, and 2x10
19
 eV
-1
cm
-3
, 
respectively. This model assumes a uniform generation of defects in area, depth, and energy 
in the AlGaN barrier underneath the gate and must be considered as an upper bound value. In 
fact, it is likely that defects were mostly generated in a narrower barrier region close to the 
gate edge where the electric field peaks. This assumption can work for short channel 
transistors, where the ratio between the damaged area at the edge and the rest of gate area is 
close to 1, but definitely breaks down in long channel devices, where the ratio is << 1. It is 
possible that these stress-induced traps are linked to the gate SBD, with gate leakage 
occurring by percolative transport through defects. This is in reasonable agreement with Ref. 
20, where the gate leakage current random telegraph signal fluctuations through the AlGaN 
barrier were explained in terms of modulation of leakage paths in the AlGaN barrier by the 
generation of other percolative paths and single active traps
20
 during OFF stress. 
In conclusion, time-dependent damage in AlGaN/GaN HEMTs induced by the OFF 
stress-test was studied by means of gate bias dependence of low frequency noise. This 
approach was demonstrated to be useful not only to identify in which device area active 
defects were generated during device stress, but also to obtain quantitative defect generation 
estimates. 1/f noise behaviour suggests that stress-induced generation of defects occurs in the 
AlGaN barrier, in addition to those defects related to the gate-edge breakdown. These defects 
 7 
are primarily located underneath the gate, but extend into the high field gate-drain region, 
possibly associated with the field-plate edges.  
Acknowledgments 
The authors would like to thank the UK Engineering and Physical Science Research 
Council, under the grant EP/I033165/1, and the Technology Strategy Board, under the 
PearGaN project, for supporting this work. 
References 
1 T. Kikkawa, K. Joshin, M. Kanamura, FUJITSU Sci. Tech. J., vol. 48, no. 1, pp. 40-46, 
January 2012.  
2 M. Kuball, M. Ťapajna, R. J. T. Simms, M. Faqir, and U. K. Mishra, Microel. Reliab., vol. 
51, pp.195-200, 2011. 
3 G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon, A. Tazzoli, M. 
Meneghini, and E. Zanoni, IEEE Trans. Dev. Mat. Reliab., vol. 8, no. 2, pp. 332-343, June 
2008. 
4 G. Yu, Y. Wang, Y. Cai, Z. Dong, C. Zeng, and B. Zhang, IEEE Electron Dev. Lett., vol. 
34, no. 2, pp. 217-219, February 2013. 
5 E. Zanoni, F. Danesin, M. Meneghini, A. Cetronio, C. Lanzieri, M. Peroni, and G. 
Meneghesso, IEEE Electron Dev. Lett., vol. 30, no. 5, pp.427-429, May 2009. 
6 M. Ťapajna, R. J. T. Simms, Y. Pei, U. K. Mishra, and M. Kuball, IEEE Electron Dev. 
Lett., vol. 31, no. 7, pp.662-664, July 2010. 
7 D. Marcon, J. Viaene, P. Favia, H. Bender, X. Kang, S. Lenci, S. Stoffels, S. Decoutere, 
Microel. Reliab., Volume 52, Issues 9–10, 2188-2193, September–October 2012.  
8 A. Sozza, A. Curutchet, C. Dua, N. Malbert, N. Labat, and A. Touboul, Microel. Reliab., 
vol 46, pp. 1725-1730, 2006. 
 8 
9 D. V. Kuksenkov, H. Temkin, R. Gaska, and J. W. Yang, IEEE Electron Dev. Lett., vol. 19, 
no. 7, pp.222-224, July 1998. 
10 S. L. Rumyantsev, N. Pala, M. S. Shur, R. Gaska, M. E. Levinshtein, M. Asif Khan, G. 
Simin, X. Hu, and J. Yang, J. Appl. Phys., vol. 88, no. 11, December 2000. 
11 A. V. Vertiatchikh and L. F. Eastman, IEEE Electron Dev. Lett., vol. 24, no. 9, pp.535-537, 
September 2003. 
12 T. Roy, Y. S. Puzyrev, E. X. Zhang, S. DasGupta, S. A. Francis, D. M. Fleetwood, R. D. 
Schrimpf, U. K. Mishra, J. S. Speck, and S. T. Pantelides, Microel. Reliab., vol 51, pp. 212-
216, 2011. 
13 S. L. Rumyantsev, N. Pala, M. S. Shur, E. Borovitskaya, A. P. Dmitriev, M. E. Levinshtein, 
R. Gaska, M. A. Khan, J. Yang, X. Hu, and G. Simin, IEEE Trans. Electron Dev., vol. 48, 
no. 3, pp. 530-534, March 2001. 
14 M. Meneghini, A. Stocco, M. Bertin, D. Marcon, A. Chini, G. Meneghesso, and E. Zanoni, 
Appl. Phys. Lett. 100, 033505 (2012). 
15 J-M Peransin, P. Vignaud, D. Rigaud, and L. K. J. Vandamme, IEEE Trans. Electron Dev., 
vol. 37, no. 10, pp. 2250-2253, October 1990. 
16 A. Balandin, Electronics Letters, vol. 36, no. 10, pp. 912-913, 11th May 2000. 
17 S. Karmalkar, M. S. Shur, G. Simin, and M. A. Khan, IEEE Trans. Electron Dev., vol. 52, 
no. 12, pp. 2534-2540, December 2005. 
18 G. Ghibaudo, O. Roux, Ch. Nguyen-Duc, F. Balestra, and J. Brini, Phys. Stat. Sol., vol. 
124, pp. 571-581, 1991. 
19 C. Claeys, A. Mercha, and E. Simoen, Journal of The Electrochemical Society, 151(5), pp. 
307-318, 2004. 
20 P. Marko, A. Alexewicz, O. Hilt, G. Meneghesso, E. Zanoni, J. Würfl, G. Strasser, and D. 
Pogany, Appl. Phys. Lett. 100, 143507, 2012. 
 9 
 
 
-5 -4 -3 -2 -1 0
10-14
10-12
10-10
10-8
10-6
10-4
Vgs [V]
|I
g
| 
[A
]
30h
0h
-5 -4 -3 -2 -1 0
10-9
Vgs [V]
I d
[A
]
Id
[A
]
10-8
10-7
10-6
10-5
10-4
10-3
10-2
1
2
x10-3
3
30h
0h
Reverse gate
current
degradation
(a)
Soft Breakdown
Wear out
10-1 100 101 102 103 104 105
Time [s]
|I
g
| 
[A
]
10-6
10-5
10-4
10-3
10-2
OFF stress 30h
Vds = 35V
Vgs = -6V
(b)
 
 
FIG. 1. (a) DC drain current (Vds= 50 mV) in linear and logarithmic scale and reverse gate 
current degradation (inset) as function of the gate voltage before and after OFF-state  
stress; (b) gate leakage current as function of the stress time. 
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FIG. 2. Low frequency 1/f channel noise current spectral density in OFF stressed 
AlGaN/GaN HEMT for Vgs-VT ~ 0.1V. 
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FIG. 3. Gate voltage dependence of the normalized current spectral noise density SI/I
2
 at 
10 Hz: (a) Before stress and immediately after the SBD with the corresponding EL image 
in the inset; no hot-spots were recorded in fresh devices. (b) Before stress and after 2h and 
30h of OFF-state stress.  
 11 
 
 
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5 10-4 10-3 10-2
Drain current [A]
Fresh
After 2h
After 14h
After 30h
S
I/
I2
[H
z
-1
]
 (gm/Id)
2
f=10Hz
 
 
FIG. 4. Normalized current spectral noise density SI/I
2
 at 10Hz as function of the drain 
current during OFF-state stress. Data follow the SVFB(gm/Id)
2
 characteristic (solid lines). 
